Negative energy balance inhibits reproduction by restraining GnRH secretion. Leptin is a permissive metabolic signal for reproduction, but GnRH neurons do not appear to express leptin receptors, suggesting that interneurons transmit leptin signals to these cells. Serotonin (5HT) has satiety effects similar to those of leptin and alters LH release, and serotonergic neurons, which have been shown to express leptin receptors, terminate on GnRH neurons. We hypothesized that serotonergic neurons convey leptin signals to the reproductive neuroendocrine axis. To test this, mice were fasted for 48 h beginning on Diestrous Day 1. While fasting, mice received saline or leptin every 12 h or the 5HT-selective reuptake-inhibitor fluoxetine once at the start of the fast. Estrous cycles of fasted mice were longer (mean ؎ SEM, 10.2 ؎ 0.5 days; P Ͻ 0.0001) than those of fed mice (4.5 ؎ 0.2 days). As previously reported, leptin prevented fasting-induced cycle lengthening (4.6 ؎ 0.7 days). Fluoxetine also rescued estrous cycles in fasted mice (4.7 ؎ 0.6 days), suggesting that 5HT and leptin have similar positive effects on reproduction. Coadministration of the 5HT 1/2/7 receptor-antagonist metergoline blocked rescue of cycle length by fluoxetine and by leptin. Treating leptin-deficient ob/ob and leptin receptor-deficient db/db mice with fluoxetine did not normalize body weight or rescue fertility, perhaps due to altered serotonergic tone in these animals. Together, these data demonstrate a permissive role for serotonergic systems in the metabolic control of reproduction and are consistent with the hypothesis that serotonergic neurons convey leptin signals to GnRH neurons.
INTRODUCTION
Negative energy balance inhibits reproduction, at least in part, by reducing the frequency and amplitude of pulsatile GnRH secretion [1] , resulting in decreased LH release from the pituitary [2] [3] [4] . The mechanisms by which metabolic status is communicated to the GnRH neurosecretory system, however, remain largely unknown. One possible signal is the adipocyte hormone leptin. Leptin treatment normalizes body weight and restores fertility in obese, leptin-deficient ob/ob mice [5] . Furthermore, leptin ameliorates the inhibitory effects of fasting on estrous cyclicity in mice [6] and hamsters [7] and on LH release in rats [8] . Leptin has also been shown to advance the onset of puberty in rodents, suggesting that leptin is one permissive metabolic signal for sexual maturation [9] [10] [11] . Central action of leptin is implied by increased GnRH release in vitro [12] . Although expression of leptin protein and leptin responsiveness have been demonstrated in pituitary gonadotropes [12, 13] and in immortalized GnRH cell lines [14] , to our knowledge, no evidence exists for leptin-receptor expression by GnRH neurons in vivo [15, 16] . This suggests that central leptin signals may be conveyed to the reproductive neuroendocrine axis through at least one intermediate of unknown phenotype.
The serotonergic system plays a role in both food intake [17] and GnRH release (reviewed in [18] ) and is one candidate mediator of leptin action. Specifically, serotonin (5HT) 1 and 2 receptor subtypes are involved in the regulation of food intake; antagonizing these receptors with metergoline, a type 1/2/7 5HT-receptor antagonist, blocks the anorectic effects of fluoxetine [19] . Anatomical evidence exists for a link between the serotonergic and GnRH systems: serotonergic neurons terminate directly on GnRH neurons in the medial preoptic area in rats [20, 21] and are leptin-responsive [22] . Furthermore, leptin-receptor message is expressed in brain stem serotonergic neurons, suggesting that they are direct targets of leptin action and may mediate some of the effects of leptin on feeding and reproduction [23] . Several reports of functional interactions between leptin and serotonergic pathways have appeared, although the nature of this relationship is controversial. Leptin and 5HT exerted similar effects on satiety, antagonizing neuropeptide Y action [24] . The 5HT precursor 5-hydroxytryptophan induced a dose-dependent increase in serum leptin levels in mice [25] ; in contrast, fluoxetine, which inhibits 5HT reuptake, thereby increasing serotonergic tone, decreased leptin in lean and obese Zucker rats [26] . In wild-type mice, leptin caused a dose-dependent increase in levels and turnover of 5HT, suggesting activation of these neurons by leptin [27] . Similarly, in ob/ob mice, leptin doses sufficient to decrease food intake and body weight also increased brain stem and hypothalamic 5HT concentrations [28] .
To investigate the role of the serotonergic system as a mediator of leptin action on the reproductive axis, 3 hypotheses were tested. First, increasing serotonergic tone by selectively blocking 5HT reuptake will rescue estrous cycles of fasted mice. Second, this action, as well as the ability of leptin to rescue estrous cycles, will be blocked by antagonizing serotonergic receptor subtypes involved in feeding behavior [19, 29] . Third, blocking 5HT reuptake will induce weight loss and rescue reproduction in leptin-deficient ob/ob and leptin receptor-deficient db/db mice. 
MATERIALS AND METHODS

Animals
Female C57Bl6-J mice (8-10 wk of age) were obtained from Jackson Laboratories (Bar Harbor, ME) or Hilltop (Scottdale, PA) and were housed individually during experiments. Mice were maintained on standard rodent chow (7201; Harlan, Madison, WI) and water ad libitum except for one 48-h fast, during which only water ad libitum was allowed. Female ob/ob and db/db mice (8-10 wk of age; Jackson Laboratories) were housed in breeding cages with 3 females and 1 sexually mature, normal male from an in-house breeding colony per cage. These mice were maintained on breeder chow (8656; Harlan) and water ad libitum. All animals were held on a 14L:10D photoperiod, with lights-on at 0500 h Eastern Standard Time. All procedures were approved by the Animal Care and Use Committee of the University of Virginia and conducted in accordance with the National Research Council publication Guide for Care and Use of Laboratory Animals.
Procedure
Experiment 1: effect of manipulating 5HT action on estrous cyclicity in fasted mice. Body weight was recorded daily. To monitor estrous cycles, daily vaginal smears were taken for 3 consecutive cycles. Mice with regular 4-to 5-day cycles were housed individually and randomly placed in 1 of 8 treatment groups. Beginning on Diestrous Day 1, animals were fasted for 48 h and treated with one of the following: saline twice daily i.p. (bid i.p.; n ϭ 6, 0.1 ml), recombinant mouse leptin (n ϭ 5, 0.1 mg/ kg bid i.p.; Sigma, St. Louis, MO), fluoxetine (n ϭ 6, 32 mg/kg once s.c. at the start of fast; Eli Lilly, Indianapolis, IN), fluoxetine as above plus the 5HT 1/2/7 receptor-antagonist metergoline (n ϭ 5, 1 mg/kg bid i.p.; Sigma), leptin as above plus metergoline at 1 of 2 doses (1 or 2 mg/kg bid i.p., n ϭ 7 and 6, respectively), or metergoline alone at these same doses (n ϭ 7 and 4, respectively). Vaginal smears and body weight were monitored during fasting and until the return to estrus following treatment. Days to return to estrus (i.e., length of the treatment estrous cycle), food intake, weight loss during fast, weight gain on refeeding, and body weight at return to estrus were compared among groups by ANOVA followed by post-hoc pairwise analysis with Tukey-Kramer, Student-Newman-Keuls, and Fisher protected least significant difference tests when appropriate. All data are reported as the mean Ϯ SEM.
Experiment 2: effect of blocking 5HT reuptake on reproduction in ob/ ob and db/db mice. A pilot study was performed on female ob/ob and db/db mice to assess tolerance for prolonged daily fluoxetine treatment. Because treatment was to be long term, a dose of fluoxetine lower than that used in experiment 1 was chosen initially (20 mg/kg i.p. for daily injections vs. 32 mg/kg i.p. for a single injection). Mice treated daily with 20 mg/kg i.p. lost weight; however, this regimen caused constipation in some mice. To avoid this problem during the main experiment, the frequency of injection was reduced to every other day (q2d), both because fluoxetine has a long half-life [30] and because the dose of fluoxetine was increased gradually to reach 20 mg/kg (see below).
Female ob/ob and db/db mice were treated q2d i.p. with fluoxetine (n ϭ 6 each of ob/ob and db/db) or water vehicle (n ϭ 6 each of ob/ob and db/db). Treatment was initiated at 5 mg/kg and increased every 8 days by 5 mg/kg until doses reached 20 mg/kg. Treatments continued for a total of 65 days (42 days on the final 20 mg/kg q2d dose). Body weight was recorded and mice checked for the presence of copulatory plugs at each treatment. Vaginal smears were taken to assess estrous cyclicity.
RESULTS
Experiment 1
Estrous cycle lengths. Estrous cyclicity was used as a marker to determine if various treatments affected the degree of reproductive inhibition caused by fasting; estrous cycle lengths are shown in Figure 1 . Estrous cycles of saline-treated nonfasted mice were 4.5 Ϯ 0.2 days. Cycles of saline-treated fasted mice were significantly longer (10.2 Ϯ 0.5 days, P Ͻ 0.0001), with the increase occurring in days spent in diestrus. As previously shown [3] , treatment of fasted mice with leptin prevented this cycle lengthening (4.7 Ϯ 0.7 days, P ϭ 0.410 vs. fed controls). Of interest, fluoxetine treatment rescued estrous cycles with an efficacy similar to that of leptin, supporting the first hypothesis that these agents have similar actions on reproduction in a state of negative energy balance (cycle length for fluoxetine, 4.7 Ϯ 0.6 days; P ϭ 0.230 vs. fed controls, P Ͻ 0.005 vs. saline-treated fasted animals).
To further investigate whether the similar effects of leptin and fluoxetine on estrous cyclicity were achieved through parallel pathways or the same pathway, mice were treated with the 5HT 1/2/7 receptor-antagonist metergoline during fasting. Coadministration of metergoline with fluoxetine completely blocked estrous cycle rescue by fluoxetine (9.4 Ϯ 0.2 days, P Ͻ 0.0001 vs. fed controls). Interestingly, metergoline also blocked cycle rescue by leptin in a dose-dependent manner, suggesting that leptin and 5HT lie along the same pathway. Metergoline at 2 mg/kg effectively blocked leptin rescue (8.7 Ϯ 0.9 days, P Ͻ 0.0005 vs. fed controls), whereas a lower metergoline dose (1 mg/ kg) did not have a significant effect (5.4 Ϯ 0.9 days, P ϭ 0.190 vs. fed controls). Metergoline alone at either dose (1 or 2 mg/kg bid i.p.) did not potentiate or block the effects of fasting on cycle length (8.9 Ϯ 0.8 and 8.3 Ϯ 0.5 days, respectively; P Ͻ 0.0003 and P Ͻ 0.0001, respectively, vs. fed controls).
Food intake and body weight. Food intake and body weight were monitored to determine if among-treatment differences in these parameters might have influenced reproductive responses. All fasted animals lost the same percentage of body weight during the 48-h fast ( Fig. 2A) and had the same total body weight gain at 24 h following refeeding (Fig. 2B) . Furthermore, all animals had the same total food intake during the 24 h after refeeding, regardless of treatment (Fig. 2C) . Of interest, mice treated with fluoxetine, leptin, or leptin plus low-dose metergoline (1 mg/ kg bid i.p.) returned to estrus at a body weight less than their prefast body weight, whereas those treated with saline, metergoline, fluoxetine plus metergoline, or leptin plus high-dose metergoline (2 mg/kg bid i.p.) did not return to estrus until reestablishing or surpassing their prefast body weight (Fig. 3) . This supports the notion that both leptin and fluoxetine treatments provide or substitute for a metabolic signal that is missing in the other fasted animals until prefast body weight is reestablished.
Experiment 2
The above findings suggest that leptin rescues reproductive function in states of negative energy balance by activating serotonergic pathways. We thus tested a third hypothesis: increasing serotonergic tone in genetically leptin-deficient ob/ob mice or leptin receptor-deficient db/db mice will rescue reproductive activity in these otherwise infertile animals. Long-term administration of fluoxetine at the doses used in this study had no effect on body weight, estrous cyclicity, or fertility of ob/ob and db/db mice compared to controls, despite this treatment lasting longer than the leptin treatment needed to restore fertility to ob/ob mice [5] . The db/db animals remained in constant diestrus and the ob/ob animals in constant estrus, regardless of treatment (fluoxetine or vehicle control), throughout the experimental period. Accordingly, fertility was not rescued by this treatment, as assessed by the lack of estrous cycles, absence of copulatory plugs, and failure to establish pregnancy.
DISCUSSION
The findings of the present study demonstrate a novel role for 5HT in the metabolic control of reproduction. Specifically, treatment with fluoxetine maintained reproductive function in a fasting state despite significant decreases in body weight, suggesting that serotonergic inputs convey permissive metabolic information to the neuroendocrine systems regulating reproduction. These data further suggest that one metabolic role of serotonergic neurons may be to convey leptin signals to GnRH neurons.
Leptin and fluoxetine exerted similar effects on reproductive function in the fasting model utilized for this study. To begin to distinguish whether this observation was due to leptin and 5HT pathways acting in series or in parallel, pharmacological blockade of the serotonergic pathway was used. The type 1/2/7 5HT receptor-antagonist metergoline was chosen because 5HT 1 and 2 receptor subtypes are involved in the regulation of food intake and because antagonizing these receptors blocks the anorectic effects of fluoxetine [19] . Metergoline successfully blocked the ability of both fluoxetine and leptin to rescue estrous cycles. This suggests that leptin and serotonergic neurons act within a common pathway to GnRH neurons, and that 5HT-receptor subtype 1, 2, and/or 7 is used for this communication. This finding supports and extends those of previous reports. Specifically, although several reports of positive reproductive effects of leptin have appeared [5-12, 15, 16] , to our knowledge, no evidence exists that GnRH neurons express any form of the leptin receptor [15, 16] . Serotonergic neurons express leptin receptors [23] , are functionally down-regulated in leptin-deficient animals [22] , and project directly to GnRH cell bodies [20, 21] . Taken together, these data suggest an anatomical pathway for leptin action on GnRH neurons, specifically that leptin signals are received by serotonergic neurons, which, in turn, communicate with GnRH neurons to regulate GnRH release. The existence of such a communication pathway does not rule out the possibility that reproductive rescue by leptin may also be mediated by direct stimulation of GnRH neurons and/or pituitary gonadotropes. Indeed, leptin has been shown to stimulate directly GnRH release from immortalized GnRH cell lines [14] as well as LH and FSH release from anterior pituitary explants [12] To test the proposed pathway, leptin-deficient ob/ob and leptin receptor-deficient db/db mice were treated with fluoxetine and their reproductive activity assessed. No apparent rescue of estrous cycles, mating, or pregnancy was observed in these mice. This failure could be a result of several factors. It is possible that leptin and 5HT do not, in fact, work in series to regulate reproduction, although the blockade of leptin action by metergoline in experiment 1 argues against this hypothesis. Another possible explanation is that serotonergic systems are down-regulated in ob/ob (and possibly in db/db) mice. Consistent with this, it was recently reported that 5HT reuptake transporter mRNA levels are decreased in dorsal raphe nuclei of ob/ob mice compared to lean con-trol animals, and that the behavior of these mice is consistent with decreased serotonergic activity [22] . The raphe nuclei comprise a major serotonergic relay station and are central neural regulators of feeding behavior [31] projecting to the hypothalamus [32] . Such a down-regulation of serotonergic systems in ob/ob (and possibly in db/db) mice due to leptin deprivation would not be expected to be overcome by inhibition of 5HT reuptake alone, and it may account for the failure of fluoxetine to decrease body weight or to rescue fertility in this study. A possible mechanistic explanation for the rescue of fertility of ob/ob mice by leptin [2] may, thus, be to increase the activity of dorsal raphe serotonergic neurons expressing leptin receptors and projecting to the hypothalamus.
Taken together, these data suggest a possible permissive role for serotonergic systems in the metabolic control of reproductive function. Specifically, serotonergic neurons may convey metabolic signals, such as leptin, to GnRH neurons in wild-type mice. Of interest, hypothalamic 5HT levels are increased by feeding [33] and decreased by food restriction [34, 35] , findings that are consistent with the hypothesis that 5HT mediates communication between energy balance and reproductive function. Defining the pathways mediating 5HT action on the neuroendocrine axis may help to explain not only the metabolic control of reproduction but also the cause of numerous human disorders affecting both food intake and reproductive function, including Prader-Willi syndrome and anorexia nervosa. Of interest in this regard, women with Prader-Willi syndrome, a disease marked by hypothalamic hypogonadism, morbid obesity, and compulsive food-seeking behavior, established first menses 6 mo after initiation of treatment with fluoxetine [36] . Many women with anorexia nervosa are secondarily amenorrheic, exhibiting pulsatile LH secretion resembling that of the prepubertal stage; interestingly, these women also have abnormally low serotonergic tone [37, 38] . These clinical reports, together with the present data, demonstrate the importance of serotonergic and other pathways communicating metabolic status to the reproductive neuroendocrine axis, and they suggest new investigation and treatment strategies.
